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Abstract: The ring of quasisymmetric functions is free over the ring of symmetric functions. This result was
previously proved by M. Hazewinkel combinatorially through constructing a polynomial basis for
quasisymmetric functions. The recent work by A. Savage and O. Yacobi on representation theory
provides a new proof to this result. In this paper, we proved that under certain conditions, the
positive part of a Heisenberg double is free over the positive part of the corresponding projective
Heisenberg double. Examples satisfying the above conditions are discussed.
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1. Introduction

Symmetric functions are formal power series which are invariant under every permutation of the in-
determinates ([14]). Let Sym denotes the ring of symmetric functions over integers. Then the elementary
symmetric functions form a polynomial basis of Sym. The existence of comultiplication and counit gives
Sym a Hopf algebra structure. It’s well-known (see [4]) that as Hopf algebras Sym is isomorphic to the
Grothendieck group of the abelian category C[S,,]-mod, where &,, is the n-th symmetric group.

Among different generalizations of symmetric functions, there are noncommutative symmetric func-
tions and quasisymmetric functions. As an algebra, NSym is the free algebra Z(h;, hy,---). As a
Hopf algebra, NSym is isomorphic to the Grothendieck group of the abelian category H,(0)-pmod
(3], 9], [15]), where H,(0) is the 0-Hecke algebra of degree n. The ring of quasisymmetric func-
tions QSym C Z[[x1, 2, --]] consists of shift invariant formal power series of bounded degrees. Let
Comp(n) denote the set of compositions of n. Then the monomial quasisymmetric functions M,,, where
a € J, ey Comp(n), form an additive basis for QSym ([14]). As Hopf algebras, NSym and QSym are
dual to each other under the bilinear form (h,, Mg) = 64 .

Polynomial freeness of QSym was conjectured by E. Ditters in 1972 in his development of the theory
of formal groups ([2]). Ditters conjecture was proved by M. Hazewinkel ([7], [6]) combinatorially through
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constructing a polynomial basis for quasisymmetric functions. The explicit basis constructed by M.
Hazewinkel contains the elementary symmetric functions, hence QSym is free over Sym.

From the representation theory point of view, A. Savage and O. Yacobi [12]| provide a new proof to
the freeness of QSym over Sym. For each dual pair of Hopf algebras (H+, H™), one can construct the
Heisenberg double h = h(HT, H~) of HT. The algebra b has a natural representation on H™, called
the Fock space representation F. In [12] it is proved that any representation of h generated by a lowest
weight vacuum vector is isomorphic to F. As an application of this Stone-von Neumann type theorem
to h(QSym, NSym), A. Savage and O. Yacobi gave a different proof that QSym is free as a Sym-module
(Proposition 9.2 in [12]).

In this paper, after review some basic definitions and examples, we proved our main result Theorem
3.2 which says that under certain conditions, the positive part of a Heisenberg double is free over the
positive part of the corresponding projective Heisenberg double. Examples satisfying the conditions of
Theorem 3.2 are discussed.

2. Definitions and examples

In this section, we will recall some basic definitions and examples. Most of the definitions can
be found in [12]. Fix a commutative ring K. We use Sweedler notation A(a) = >_,) aq) ® a(z) for

coproducts.

Definition 2.1. (Dual pair). We say that (H*,H™) is a dual pair of Hopf algebras if H* and H~
are both graded connected Hopf algebras and H* is graded dual to HY via a perfect Hopf pairing (-,-) :
H*xH- =K.

From a dual pair of Hopf algebras, one can construct the Heisenberg double.

Definition 2.2. (The Heisenberg double, [15]). We define h(H,H™) to be the Heisenberg double
of Ht. As K-modules h(H",H™) = HT @ H~ and we write afx for a @ x, a € HY, z € H,
viewed as an element of W(HT, H™). Multiplication is given by (afz)(bly) = D)@ Rx’(kl)(b)ﬁx@)y =
Z(sz) (1), beay)abay iz (2)y, where Rxa)(b) is the left-reqular action of H~ on HT.

For the Heisenberg double b = h(H™, H™), there is a natural representation, called the Fock space
representation.

Definition 2.3. (Fock space representation). The algebra b has a natural representation on HT given
by (afiz)(b) = a Bx*(b), a,b € HY,x € H™, which is called the lowest weight Fock space representation
of b and is denoted by F = F(H™,H™). It is generated by the lowest weight vacuum vector 1 € H™.

Examples of the Heisenberg double include the usual Heisenberg algebra and the quasi-Heisenberg
algebra. When we take H+ = H~ = Sym, the Heisenberg double h = h(Sym, Sym) is the usual Heisenberg
algebra. Indeed, we can take p, pa,--- to be the power sums in HT and p%,p, - to be the power sums
in H~, then the multiplication in h = h(Sym, Sym) gives the usual presentation of the Heisenberg algebra:
PmPn = PnPms Dl = PiPins  DinPn = Pully + MOy n. When we take H+ = QSym and H~ = NSym,
the Heisenberg double b = h(QSym, NSym) is the quasi-Heisenberg algebra. The natural action on QSym
is the Fock space representation. Both the Heisenberg algebra and the quasi-Heisenberg algebra can be
regarded as the Heisenberg double associated to a tower of algebras. We now recall the definition of tower
of algebras in the following.

Definition 2.4. Let A = @penAy be a graded algebra over a field F with multiplication p: A ® A — A.
Then A is called a tower of algebras if the following conditions are satisfied:

(TA1) Each graded piece A, n €N, is a finite dimensional algebra (with a different multiplication)
with a unit 1,,. We have Ag = F.
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(TA2) The external multiplication pp,n @ Am @ Ay — Aptn is a homomorphism of algebras for all
m,n € N (sending 1, ® 1,, to 1yin).

(TA3) We have that Apin is a two-sided projective A, ® A,-module with the action defined by
a-(b®c)=apmn(b®c) and (b@c) - a= pmn(bRc)a, for allm,neN, a € Apip, b€ Ay, c€ A,.
(TA4) For each n € N, the pairing (-,-) : Ko(4n) X Go(An) — Z, given by ([P],[M]) =

dimgp Homy (P, M), is perfect. (Note this condition is automatically satisfied if F is an algebraically
closed field.)

In the above definition the notation Go(A4,) = Ko(A,-mod) denotes the Grothendieck group of the
abelian category A,-mod, and Ky(A4,) = K¢(A,-pmod) denotes the Grothendieck group of the abelian
category A,-pmod. For the rest of this section we assume that A is a tower of algebras and let

g(A) = @neNGO(An) and ’C(A) = @HENKO(ATL)'

We have a perfect pairing (-,-) : K(A) x G(A) — Z given by ([P],[M]) = dimp Homu, (P, M) if P € A,-
pmod and M € A,-mod for some n € N, and 0 otherwise.

Definition 2.5. (Strong tower of algebras) A tower of algebras A is strong if induction is conjugate right
adjoint to restriction and a Mackey-like isomorphism relating induction and restriction holds.

For the technical definition of the Mackey-like isomorphism in Definition 2.5 we refer the reader to
[12] (Definition 3.4 and Remark 3.5).

Definition 2.6. (Dualizing tower of algebras) A tower of algebras A is dualizing if K(A) and G(A) are
dual pair Hopf algebras.

Strong dualizing towers of algebras categorify the Heisenberg double ([1]) and its Fock space repre-
sentation ([12] Theorem 3.18). To a dualizing tower of algebras, we can define the associated Heisenberg
double.

Definition 2.7. (Heisenberg double associated to a tower) Suppose A is a dualizing tower of algebras.
Then h(A) = h(G(A),K(A)) is the associated Heisenberg double and F(A) = F(G(A),K(A)) is the Fock

space representation of h(A).

When A,, is the Hecke algebra at a generic value of ¢, the associated Heisenberg double is the
usual Heisenberg algebra. When A, is the 0-Hecke algebra, the associated Heisenberg double is the
quasi-Heisenberg algebra.

Fix a dualizing tower of algebras A. For each n € N, A,,-pmod is a full subcategory of A,,-mod. The
inclusion functor induces the Cartan map KC(A) — G(A). Let Gproj(A) denote the image of the Cartan
map. Let

H™ = ’C(A)7 H" = g(A)a H;;oj = gproj(A)v h= h(A)v F= 'F(A)

Proposition 3.12 in [12] showed that H;rmj is a subalgebra of H™ that is invariant under the left-regular

action of H~. We next recall the projective Heisenberg double and its Fock space in the following.

Definition 2.8. (The projective Heisenberg double Hpro;) The subalgebra hproj = Hproj(A) = H;rmjﬁH_

(the subalgebra of h generated by H;rm]-
A.

Definition 2.9. (Fock space Fyro; 0f Byroj) The action of the algebra by.,; on H,,.

weight Fock space representation of pro; and is denoted by Fproj = Fproj(A). It is generated by the lowest

weight vacuum vector 1 € H;rmj.

and H™ ) is called the projective Heisenberg double associated to
is called the lowest
In [12] a Stone-von Neumann type theorem (Theorem 2.11 in [12]) was proved. A consequence of this

theorem tells that any representation of hp.o; generated by a lowest weight vacuum vector is isomorphic
to Fproj (see Proposition 3.15 in [12]).
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3. Main result

In this section, we will first prove a lemma about the complete reducibility of an bppoj-module
generated by a finite set of lowest weight vacuum vectors. Then we will prove our main result which says
that under certain conditions, the positive part of a Heisenberg double is free over the positive part of
the corresponding projective Heisenberg double. We will use the notations from section 2.

Lemma 3.1. Suppose V is an bhproj-module which is generated as an bproj-module by a finite set of lowest
weight vacuum vectors. Then V is a direct sum of copies of lowest weight Fock space Fproj.

Proof. Let {v;};cr denote a finite generating set of V' consisting of lowest weight vacuum vectors.
Suppose that I has minimal cardinality. Suppose that Zv, NZv; # {0}, for some ¢ # j. Then n;v; = n,v,
for some n;,n; € Z. Let m = ged(n;,n;). Then there exists a;,a; € Z such that m = a;n; + a;n;. Let
w = a;v; + a;v;. Then w is a lowest weight vacuum vector. Calculation shows that

Py = Lagnevs + aimivy) = —(ango; + amivy)

— W = —(a;jNnN;v; a;n;v;) = —(a;nN;v; a;N;V; ) = UV,

m m J J m 7% J 70

oy — i(a-n»v» +amgu;) = i(a»n-v- + anivi) = v;
- K2 3 - 7 'Y - T

m m 77 77 m 77

Therefore, {v}ren (i,;3 U {w} is also a generating set of V' consisting of lowest weight vacuum vectors.
This contradicts the minimality of the cardinality of I. Thus

Zv; N Zv; = {0}, for all i # j.

By Proposition 3.15(c) in [12], any representation of hp.o; generated by a lowest weight vacuum vector
is isomorphic t0 Fproj. Thus Bproj - v; = Fproj as hproj-modules. By Propostion 3.15(a) in [12], the only
submodules of Fi,;0; are those submodules of the form nFp,,j for n € Z. Therefore hproj- v Mhproj-v; = {0}
for i # j. The complete reducibility of V' follows. O

Theorem 3.2. Let A be a dualizing tower of algebras. Suppose there exists an increasing filtration {0} C
HY = (HT)O c(HHY c (HY)® C - of hprj-submodules of H such that (HT)™ /(H+)("=1 s

proj

generated by a finite set of vacuum vectors, then H' is free as an H

proj -module.

Proof. Let V,, = (H)™ /(Ht)"=1 then by Lemma 3.1, V,, = @yecp, H.

. - v, where L,, is some
. . . pro']
collection of vacuum vectors in V,,. Consider the short exact sequence

0— (HH Y o (HH™ -V, = 0.

Since V,, is a free H;rroj—module, the above short exact sequence split. By induction on n, we know that

all (H*)™ (n € N) is free over H}

o+ Thus we can choose nested sets of vectors in H™:

LoCLiCLyC---

L, then H¥ =@ -H*t ..o

veL*!proj’

O

such that for each n € N, we have (HT)™ =@__~H* 7. Let L =

VEL, " proj
and HT is free over H;Oj.

neN

The main ideas used in proving Lemma 3.1 and Theorem 3.2 follow from Lemma 9.1 and Proposition
9.2 in [12]. Observing that the existence of a special filtration of hpyo;-submodules of H* is the key to
the polynomial freeness of H+ over Hptw we see that Theorem 3.2 generalizes the result of Proposition
9.2 in [12] (see the discussion of Example 4.1 in section 4).
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4. Applications

In this section, we will discuss some applications of our main theorem.

Example 4.1. (Tower of 0-Hecke algebras)

Let A = ®,enH,(0), where H,(0) is the 0-Hecke algebra of degree n. Then HT = G(A) = QSym
and H- = K(A) = NSym. The associated Heisenberg double is the quasi-Heisenberg algebra q =
h(QSym, NSym). The projective quasi-Heisenberg algebra qpoj is the subalgebra generated by H;'roj =
Sym C QSym and H~ = NSym. For n € N, let

stm(n) = Z Aproj Mou

l(a)<n

where « € | J,,cy Comp(n) and I(a) is the number of nonzero parts of o. Then {0} C Sym = QSym® ¢
QSym(l) - QSym(Q) C --- defines an increasing filtration of qproj-submodules of QSym. For o €
U,.en Comp(n) such that I(«) = n, we have fh, (M,) € QSym™ =V for any m > 0. So all M, with
I(a)) = n are lowest weight vacuum vectors in the quotient V,, = QSym™ /QSym™ Y and generate V,.
The condition of Theorem 3.2 is satisfied. Therefore, HT = QSym is free over H;mj = Sym. This
recovers Proposition 9.2 in [12].

Example 4.2. (Tower of 0-Hecke-Clifford algebras)

Let A = @,enHC1,(0), where HC1,,(0) is the 0-Hecke-Clifford algebra of degree n. Then Ht = G(A)
and H~ = K(A) form a dual pair of Hopf algebras. There are two main ideas used in [10] (section 3.3)
to prove that (G(A),K(A)) is a dual pair of Hopf algebras. First, the Mackey property of 0-Hecke-
Clifford algebras guarantees that G(A) and IC(A) are Hopf algebras. Second, it is shown that HC1,(0)
is a Frobenius superalgebra which satisfies the conditions of Proposition 6.7 in [11]. The associated
Heisenberg double is h(G(A),C(A)) and the corresponding projective Heisenberg double is hpyoj. Here
H* = Peak™ is the space of peak quasisymmetric functions. Let 6 : QSym — Peak™ be the descent-to-
peak map and let N, = 0(M,). Then HY is spanned by N,, where o € |J, .y Comp(n). For n € N,

neN
let
(Peak™)™ := " Bproj - Na
l(a)<n
Then {0} C HJ,; = (Peak*)(® C (Peak*)®) C (Peak™)?) C ... defines an increasing filtration of

Bproj-submodules of Peak®. We know that all N, with I(«) = n are lowest weight vacuum vectors in

the quotient V,, = (Peak™)™) /(Peak*)("~1) and generate V,,. The condition of Theorem 3.2 is satisfied.
Therefore, HT = Peak” is free over H;rmj, where H;.Oj is the subring of symmetric functions spanned by
Schur’s Q-functions. This recovers Proposition 4.2.2 in [10].

Example 4.3. (Towers of algebras related to the symmetric groups and their Hecke algebras)

In [8], the algebra HS,, is defined to be the subalgebra of End(C&,,) generated by both sets of
operators from C[&,] and H,(0). This algebra HS,, has interesting combinatorial properties. For
examples, the dimensional formula calculated in [8] finds applications in the study of symmetric functions
associated with stirling permutations [5]. The author conjectures that Theorem 3.2 applies to the tower
of algebras ®,cnHG,,. The proof of this conjecture is the work in progress of the author in a forthcoming
paper.

Acknowledgment: The author would like to thank Alistair Savage for explaining the paper [12].
The author would also like to thank Rafael S. Gonzalez D’Leén for pointing out the algebra HS,, in [8].
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